Polypropylene, low-density polyethylene, and high-density polyethylene pre-production plastic pellets were weathered for three years in three experimental treatments: dry/sunlight, seawater/sunlight, and seawater/ darkness. Changes in chemical bond structures (hydroxyl, carbonyl groups and carbon-oxygen) with weathering were measured via Fourier Transform Infrared (FTIR) spectroscopy. These indices from experimentally weathered particles were compared to microplastic particles collected from oceanic surface waters in the California Current, the North Pacific Subtropical Gyre, and the transition region between the two, in order to estimate the exposure time of the oceanic plastics. Although chemical bonds exhibited some nonlinear changes with environmental exposure, they can potentially approximate the weathering time of some plastics, especially high-density polyethylene. The majority of the North Pacific Subtropical Gyre polyethylene particles we measured have inferred exposure times N 18 months, with some N 30 months. Inferred particle weathering times are consistent with ocean circulation models suggesting a long residence time in the open ocean.
Introduction
Plastics in the ocean, particularly in the North Pacific Subtropical Gyre, have been of concern for decades (Carpenter and Smith, 1972; Wong et al., 1974) . Recent studies estimate that there may be approximately five trillion pieces of plastic in the global ocean, with an estimated 4.8 to 12.7 million metric tons entering the ocean annually (Eriksen et al., 2014; Jambeck et al., 2015) . Eriksen et al. (2014) , along with others (Hidalgo-Ruz et al., 2012; , state that the vast numerical majority of plastics in the ocean are microplastic, or particles b 5 mm in diameter. However, there is currently no method that estimates how long a given microplastic particle has been in the ocean. The small size of fragmented, weathered particles also makes it impossible to trace these particles to their source (Jambeck et al., 2015) . Knowing how long a particle has been in the ocean is critical for calculating the residence time of particles in different regions of the ocean, testing the accuracy of models, and assessing the efficacy of marine debris mitigation policy.
The small fragments of microplastic created by weathering are detrimental to ocean ecosystems for multiple reasons. Studies have shown gooseneck barnacles (Goldstein and Goodwin, 2013) , mesopelagic fishes (Davison and Asch, 2011) , Norway lobsters (Murray and Cowie, 2011) , and other small animals can consume microplastics in situ, and other invertebrates have been shown to eat them in lab settings (Murray and Cowie, 2011; Cole et al., 2013; Wright et al., 2013) .
Synthetic microfibers and microplastics are small enough to physically accumulate and to translocate from an organism's gut into its circulatory system (Browne et al., 2008) . Some plastics contain harmful chemical additives (e.g. PCBs -polychlorinated biphenyls) that can bioaccumulate in marine organisms, leading to liver toxicity and other deleterious physiological effects (Rochman et al., 2013) . Since plastics' hydrophobicity causes them to sorb marine and atmospheric persistent organic pollutants, there is also concern for bioaccumulation of these pollutants from plastic ingestion (Ogata et al., 2009) .
Microplastics are currently impossible to remove en masse from the open ocean due to their small size, chemical inertness, similar dimension and distribution as plankton and fish eggs, and their distribution over the vast extent of the oceanic gyres. Thus, it is essential to understand processes that lead to the accumulation and degradation of plastic particles, as well as to develop strategies to limit inputs into the ocean (Jambeck et al., 2015) .
Although many studies have examined aging of polyethylene and polypropylene (Stark and Matuana, 2004; La Mantia and Morreale, 2008) , almost all have been conducted in accelerated weathering devices that use much higher temperatures than natural weathering (Stark and Matuana, 2004) . Elevated temperatures can lead to different chemical reactions than those that occur naturally (Lacoste and Carlsson, 1992; Tidjani, 2000) .
There have been some studies of the natural weathering of plastics: Andrady et al. (1993) examined natural weathering of LDPE, and Rajakumar et al. (2009) examined natural weathering of PP; both experiments tested sheets of plastic film in ambient air and rain. Andrady (1990) compared the weathering of LDPE films in ambient air and ambient seawater. Pegram and Andrady (1989) tested LDPE film, PP strapping tape, latex balloons and trawl netting in both ambient air and seawater. Though these studies are very useful, the numerical majority of marine debris is not intact films or objects but rather microplastic particles . Also, most previous studies extend for a maximum of three months, with some for only a few weeks (Lacoste and Carlsson, 1992; Andrady et al., 1993; La Mantia and Morreale, 2008) , although Andrady (1990) and Pegram and Andrady (1989) weathered samples for a year. There is a need for greater understanding of the longer term, natural weathering of microplastics and the variables that interact in that weathering process (Tidjani, 2000) . In addition, knowing how microplastic particles weather is important for understanding the ecological impacts of the most common type of marine debris.
The present study's unique results stem from longer term (i.e., 3 year) controlled exposure to natural sunlight and ambient seawater. It is therefore a more realistic proxy for the weathering processes that plastic particles experience in the open ocean than many previous studies. This is also the first study to directly compare naturally weathered plastic particles to particles collected from the ocean in an attempt to quantify the exposure time of the oceanic particles.
Materials and methods

Weathering experiment
Beginning in December 2010, preproduction pellets (or nurdles) of the six most common consumer plastics (Andrady, 2003) were exposed to three treatments: dry/sunlight, seawater/darkness, or seawater/sunlight, in comparison with dry/darkness control treatments. The dry/sunlight treatment roughly approximates the weathering conditions of dried plastic particles on beaches; seawater/darkness simulates conditions similar to those found in some benthic environments; seawater/ sunlight simulates exposure of particles floating at the air-sea interface. The six consumer plastics were polyethylene terephthalate (PET; Resin ID #1), high density polyethylene (HDPE; Resin ID #2), polyvinyl chloride (PVC; Resin ID #3), low density polyethylene (LDPE; Resin ID #4), polypropylene (PP; Resin ID #5), and polystyrene (PS; Resin ID #6) (American Chemistry Council, 2010) .
For the dry/sunlight treatment, 250 mL of each type of preproduction pellet were placed in Pyrex glass trays on the roof of Hubbs Hall at Scripps Institution of Oceanography, La Jolla, California, 32.867°N, 117.257°W. Each tray was covered by fiberglass screening (2 mm mesh size) to prevent pellet loss. Each type of plastic was placed in two trays on the roof (N = 2), except for PVC (N = 1 due to a shortage of supply pellets). The roof was covered in naturally colored pebbles, having a similar albedo effect as most beaches, and had unoccluded natural sunlight throughout daylight hours year-round.
For the seawater/darkness and seawater/sunlight treatments, 250 mL of each type of preproduction pellet were placed in 75.7 L (20 gal) aquaria with flowing seawater (N = 2 for each treatment, N = 1 for PVC). To separate plastic types, aquarium divider screens were installed. Each plastic type was randomly assigned to a location in the tank, with different locations in the two replicate tanks. Local seawater from the Scripps running seawater system (intake from the seaward end of the Scripps Pier) flowed continuously through a sprinkle bar placed over the tank, and drained through a screen-covered standpipe. The seawater/darkness treatment tanks were placed in an indoor experimental room and covered in opaque black plastic sheeting, which was only removed when the tanks were sampled. The seawater/sunlight tanks were placed side-by-side with the dry/sunlight treatments, and the tops of the aquaria were covered with fiberglass screening to prevent pellet loss.
From December 2010 to July 2012, the experiment was sampled monthly by removing ten pellets from each replicate. After July 2012, the tanks were all cleaned monthly, but the pellets were sampled bimonthly. After removal, pellets were gently wiped to remove epiphytes, rinsed with deionized water, dried at 60°C for 24 h, and stored in glass vials in the dark at room temperature until Fourier-Transform Infrared Spectrometer (FTIR) analysis.
Seven time points were selected for analysis: T 0 = unweathered particles, T 5 = 5 months of weathering, T 9 = 9 months, T 13 = 13 months, T 18 = 18 months, T 30 = 30 months, and T 36 = 36 months. Only HDPE, LDPE and PP were analyzed for the experimental study because they are the most common plastics found at the ocean's surface, due to their common commercial use and positive buoyancy (Freund Container & Supply, 2010) . In 2012, PE and PP accounted for 63% of the plastic waste in the United States (EPA, 2014).
Oceanic samples
In August 2009, samples were collected on the Scripps Environmental Accumulation of Plastic Expedition (SEAPLEX) cruise on the R/V New Horizon (Fig. 1 ). Samples were collected using a standard Manta net (0.86 m wide × 0.2 m high mouth opening) (Brown and Cheng, 1981) with 333 μm mesh, towed for 15 min at 0.7-1 m s −1 . Water volume flowing through the net was measured with a calibrated General Oceanics analog flowmeter. Samples were fixed in 1.8% formaldehyde buffered with sodium tetraborate. Each sample was sorted for microplastic at 6-12 × magnification under a Wild M-5 dissecting microscope. Plastic particles were removed, dried at 60°C, and stored in glass vials in the dark at room temperature. If there were fewer than 50 particles per sample, the entire sample was analyzed. If there were N 50 particles per sample, the sample was split using the quartering method (ASTM Standard C702/C702M-11, 2011) until an aliquot of 30-50 particles was obtained. Particles were then soaked for 12 h in 10% hydrochloric acid to remove calcium carbonate deposits, rinsed in deionized water, re-dried at 60°C, and stored in glass vials in the dark at room temperature.
For the present study analysis, the California Current was defined as having a surface temperature b 19°C and surface salinity b 33.5 (Lynn and Simpson, 1987) . The North Pacific Subtropical Gyre (NPSG) was defined as having surface temperatures N 22°C and salinity N 34.8 (Roden, 1980; Niiler and Reynolds, 1984) . The transition region was defined as having a surface temperature of 19-22°C and surface salinity of 33.5-34.8 (Roden, 1980; Lynn and Simpson, 1987) . Because only surface data were used, these should be viewed as approximations rather than absolute oceanographic definitions . Fig. 1 reflects the sampling locations of the SEAPLEX cruise, with filled shapes indicating those sampling stations analyzed using FTIR in this study. These stations were chosen so that they were distributed throughout the cruise track, without reference to the abundance of plastic in each sample. Median bond indices (see below) from the three regions were compared by the Kruskal-Wallis test, then a multiple comparison test performed, adapted from Siegel and Castellan (1988) , where significance between two regions was defined as p b 0.05.
FTIR
Both ocean-collected and weathering experiment samples were analyzed using a Fourier-Transform Infrared Spectrometer with an attenuated total reflectance (ATR) diamond crystal attachment (Nicolet 6700 with Smart-iTR). All spectra were recorded at 4 cm −1 resolution.
The FTIR spectra for particles collected from the ocean were compared to both published standards (Forrest et al., 2007) and in-house standards for the 6 common consumer plastic types listed above. LDPE was distinguished from HDPE by the presence of a peak at 1377 cm −1 , with its presence indicating LDPE and absence HDPE (Fig. 2) (Lobo and Bonilla, 2003) . If the type of polyethylene could not be positively determined, the sample was classified as unknown PE, which occurred in 30% of oceanic polyethylene samples.
For experimental weathering samples, 5 particles were randomly subsampled from the 10 particles collected at each time point. Depending on particle shape, either 2 or 3 spectra were obtained from different locations on each particle. For asymmetrical particles, especially LDPE which were often concave discs, the location of the spectra reading on the particle was determined to affect values due to the need for precise contact with the ATR crystal (Gulmine et al., 2002) . Particles only demonstrated clean readings if the ATR crystal was completely, or almost completely, covered in plastic, and there was no trapped air between the plastic particle and the crystal. Clean spectra from different regions of a single particle were treated as independent and averaged. If a particle split into pieces or crumbled into powder while performing FTIR, readings of both the inside and outside of the pieces were taken and treated as independent, if readings were distinct.
Three likely areas of weathering-related change in infrared spectra were first identified from previous research: hydroxyl groups (broad peaks from 3100 to 3700, centered at 3300-3400 cm ) (Albertsson et al., 1987; Lacoste and Carlsson, 1992; Socrates, 2004; Pavia et al., 2008; Rajakumar et al., 2009 ). The hydroxyl peaks in our spectra had the broad peak shape and location of intermolecular hydrogen bonded O\ \H bonds (Socrates, 2004; Pavia et al., 2008) . When carbon double bonds are non-conjugated in a hydrocarbon, they are often seen from 1620 to 1680 cm
, and at lower frequencies, around 1600 cm −1 if conjugated; however symmetrically substituted bonds are often IR inactive (Socrates, 2004; Pavia et al., 2008) . Carbonyl bonds have a strong IR signal and appear in a wide range of wavelengths, even as wide as 1550-1850 cm −1 (Socrates, 2004) , and so the frequency of a ketone, 1715 cm
, is often used as the central reference for the range of these values (Pavia et al., 2008) .
Three additional areas of change in the plastics' spectra, 1000-1200 cm , were located empirically. The peak at 1540 cm −1 was very close to the 1640 cm −1 peak and the commonly cited peak for changes in carbonyl bonds (1715 cm −1 ) (Lacoste and Carlsson, 1992 ) also often overlapped with the peak centered at 1640 cm − 1 . The IR signal for double bonds is weaker than that for carbonyl bonds, the bonds are in overlapping ranges, and symmetrically substituted double bonds are inactive. Due to all of these factors, the entire range of 1550-1810 cm − 1 was referred to as the "carbonyl groups." All carbonyl groups are indicative of oxidized carbon in the plastic hydrocarbon chain, and were grouped together throughout the manuscript. This manuscript is less concerned with which specific carbonyl group is present, but rather with whether plastic has oxidized as it has weathered, and the presence of carbonyls show that oxygen has bonded with the hydrocarbon chain. The empirically located region at 1000-1200 cm −1 is the spectral range of carbon-oxygen bonds and 1200-1280 cm −1 is the range of carbon-nitrogen bond stretching in secondary amines (El-Ghaffar et al., 1998; Pavia et al., 2008) . Although pure PE and PP do not have any nitrogen in their structure, nitrogen is the main component in air and is present in seawater, and can be found in plastic additives; C\ \N bonds have been measured on plastics via X-ray photoelectron spectroscopy (Stark and Matuana, 2004) . However, these results were not considered further because C\ \N bonds are unlikely to be seen in large quantities in plastics, and because their peak was weak in our spectra and changed little over time. The commonly cited peak for changes in vinyl groups (centered around 909 cm
) (Tidjani, 2000) was also too weak in our spectra to be read accurately.
Indices of hydroxyl, carbon-oxygen bonds, and carbonyl group bonds were calculated as the ratio of the maximum absorbance value for the bond peak relative to the value of a reference peak. Several reference peaks have been used previously, including 974 cm − 1 and 2720 cm − 1 for PP (Livanova and Zaikov, 1992; Rabello and White, 1997; Rajakumar et al., 2009 ) and 1465 cm −1 and 2020 cm −1 for PE (Albertsson et al., 1987; Roy et al., 2011) . We selected 2910 cm −1 for PE and 2920 cm −1 for PP because these peaks, both also characteristic of plastic type, are thought to change little with weathering, as corroborated in our study (Socrates, 2004) . Bond indices were therefore calculated as the ratio of the maximum peak absorbance (numerator) to the value of a reference peak (denominator) as follows (Table 1) : hydroxyl (LDPE/HDPE 3300-3400 cm ). Before calculating indices, baselines were corrected using Essential FTIR/eFTIR software (http://www.essentialftir.com). All spectra were corrected using eFTIR's Advanced ATR (Attenuated Total Reflectance) Correction that used the Refractive Index (RI) of each plastic type, thickness of each particle, and the Angle of Incidence to correct for dispersion and depth of penetration. The parameters used were: RI: 1.57 for PS, 1.5 for PE, 1.49 for PP, 1.65 for PVC, and 1.5 for PET (Samuels, 1981; Markelz et al., 2000; Ma et al., 2003; Rodriguez-Gonzalez et al., 2003; Piesiewicz et al., 2007) ; thicknesses: 0.2 cm for PS, 0.2 cm for PE, 0.3 cm for PP, 0.5 cm for PVC, and 0.2 cm for PET; angle of incidence: 42°. The samples were then corrected by normalizing to a minimum of zero and the maximum absorption value of each spectrum (Workman and Springsteen, 1998) .
After ATR correction and normalization of the baseline, spectra were excluded that were too low, in order to remove any samples of extremely low signal-to-noise ratio. Samples were also removed that had very jagged or blocky spectral baselines, that did not have flat baselines even after normalization, or that did not have clear definition between the hydroxyl peak and the C\ \H reference peak at 2910 cm −1
. The precision of the plastic placement on the ATR crystal, the humidity of the FTIR analysis room, and the operator of the instrument could all add variability to the spectral readings.
Brittleness-crystallinity
Crystallinity was calculated by the method used in Zerbi et al. (1989) and Stark and Matuana (2004) . Doublet peaks at 730 and 720 cm −1 correspond to polyethylene crystalline content (730 cm − 1 ) and amorphous content (720 cm −1 ) (Zerbi et al., 1989; Stark and Matuana, 2004) ; 841 cm − 1 corresponds to polypropylene crystalline content and 1170 cm −1 corresponds to polypropylene amorphous content (Tadokoro et al., 1965; Livanova and Zaikov, 1992) .
The percentage crystalline content was calculated from:
where I c is the band at 730 cm − 1 or 841 cm − 1 and I a is the band at 720 cm −1 or 1170 cm −1 and 1.233 relates to the theoretical intensity ratio for I c /I a at setting angle 42° (Avitabile et al., 1975; Abbate et al., 1979; Zerbi et al., 1989; Stark and Matuana, 2004) .
Temperature
Elevated temperatures can accelerate aging of plastics (Lacoste and Carlsson, 1992; Stark and Matuana, 2004) , so the temperature of the experimental conditions was recorded as follows. Sunlight samples were assumed to weather at the ambient air temperature of La Jolla, CA, obtained from NOAA's National Data Buoy Center Water Level Observation Network (http://www.ndbc.noaa.gov/). Air temperature was measured at Station LJAC1 (9410230) on the Scripps Pier at 32.867°N, 117.257°W at 16.46 m above sea level. NOAA measurements were recorded every 6 min, but here data were averaged every 8 h. For the seawater/darkness treatment, which used running seawater from the Scripps Pier, the seawater temperature was assumed to be the same as the seawater temperature recorded at NOAA Station LJAC1, at a depth of 3.44 m below sea level, also recorded every 6 min and averaged every 8 h.
To test for a difference in temperature between the seawater/sunlight tanks and the NOAA pier readings, in April 2014, HOBO Water Temp Pro v2 data loggers were placed in the seawater/sunlight tanks, recording temperature every 60 min. A HOBO logger was placed in both of the seawater/sunlight treatment tanks, and temperature recordings averaged every 8 h.
Results
Temperature
Air temperatures at the Scripps Pier varied between 5.9 and 30.4°C and seawater temperatures near the Scripps Pier varied between 14.6 and 18.3°C over the course of the plastics weathering experiment, with clear seasonal variation and a slight upward trend (Fig. 3) . Data loggers placed in the pellet weathering tanks showed that the experimental tank temperatures averaged 2.7°C greater than pier seawater, but followed the seasonal trends closely.
Experimental weathering
There were clear changes in chemical bond structure with weathering (Fig. 4) , as evidenced by the difference in height between Table 1 Wavenumbers used to measure weathering in FTIR spectroscopy. The numerators of the bond indices are the same for PE and PP, but the reference peaks/ denominators differ. The peaks used were centered in the ranges given below, with some variability among samples.
Hydroxyl
Carbonyl indicates diagnostic PE doublet peaks, with the black outlined symbol at 2910 cm −1 also indicating the reference peak for PE weathering.
the unweathered HDPE (T 0 ) (gray line), and the HDPE from the seawater/darkness treatment after 36 months (blue line).
For the weathering experiment, we first describe results from the seawater/sunlight treatment, as this best simulates the conditions experienced by particles suspended in seawater in open ocean conditions. We then describe the effects of exposure to seawater/darkness and dry/sunlight for comparison. Fig. 5 illustrates the seawater/sunlight treatment (pink) in relation to the control treatment of dry/darkness intended to induce the least amount of environmentally-induced weathering (gray; cf. HidalgoRuz et al., 2012) . For all three bonds, across all three plastic types, the control barely changed between 0 and 36 months. In contrast, exposure to seawater/sunlight resulted in time-dependent changes in hydroxyl bonds (Fig. 5a-c) . For PE, there was a general increase in this bond index to 13 months, then a decrease at 18 months that lasted until 30 months, where it began to increase again. For PP, the same pattern was evident, but with a transient dip at 9 months, and no increase from 30 to 36 months.
Carbonyl groups (Fig. 5d-f ) and carbon-oxygen bonds (Fig. 5g-i ) show similar temporal patterns to the changes in hydroxyl groups for all three plastic types, with an increase from 0 to 13 months, a decrease between 13 and 30 months, and for PE, another increase from 30 to 36 months. LDPE had the steepest decrease from 13 to 30 months. The magnitude of the change in all PP bonds was substantially larger than the changes in these bonds for either LDPE or HDPE.
Turning to the other weathering treatments, Fig. 5 illustrates that for PE, there was a significant difference between the seawater/sunlight and dry/sunlight treatment at multiple time points (p b 0.05, based on non-overlapping confidence limits). There was a significant difference between seawater/sunlight and dry/sunlight treatments for LDPE at 13 months for hydroxyl, 9 and 30 months for carbonyl groups, and 18 months onward for carbon-oxygen. For HDPE, there was only a significant difference at 5 and 36 months for carbon-oxygen. In contrast, for PP, there were significant differences between the seawater/sunlight and dry/sunlight treatments at most time points for hydroxyl and carbonyl groups, though none for carbon-oxygen. Comparing seawater/ sunlight and seawater/darkness treatments for PE, there was no significant difference between treatments until 36 months; at T 36 for many of the bonds one of the two replicates of seawater/darkness had the highest values, though the average of the two replicates was not significantly higher than seawater/sunlight. This contrast also holds for T 30 for PP hydroxyl. For PP hydroxyl bonds and carbonyl group bonds, the seawater/darkness values were significantly higher at 36 months than the seawater/sunlight values (p b 0.05).
Despite the lack of consistent differences between seawater/sunlight and the other treatments, the shapes of the weathering curves of the other two treatments appear somewhat different than seawater/sunlight. Dry/sunlight treatments show a quasi-linear change with time for all LDPE bonds. Seawater/darkness treatments show a much steeper increase from 30 to 36 months across all treatments. For LDPE carbonoxygen bonds, seawater/darkness does not show the same initial increase at 9 months as seawater/sunlight; but after 13 months the values closely mirror seawater/sunlight until the steeper increase from 30 to 36 months. For HDPE and PP carbon-oxygen, the three treatments show somewhat different temporal progressions. HDPE particles from the North Pacific Subtropical Gyre (NPSG, dark gray histograms), transition region (TR, light gray histograms), and the California Current (CC, white histograms). Oceanic particles that could only be assigned to PE (but not to high or low density polyethylene) are compared to experimental results from both LDPE and HDPE in Supplemental Figs. 1 and 2 (discussed below).
Oceanic particles
Nearly all HDPE particles from all three oceanic regions are within the range of experimental determinations. Values from the three regions typically overlap both the 0-9 month and 18-36 experimental determinations. There is no significant difference among oceanic regions for hydroxyl bonds or carbon-oxygen bonds (p N 0.05); for carbonyl groups, the NPSG (dark gray, Fig. 6 ) and CC (white, Fig. 6 ) samples differ (p b 0.05) but neither is significantly different from the transition region.
For LDPE (Fig. 7) , the majority of the oceanic values for all three bonds are within the range of the experimental values, although many exceed the range measured in the laboratory. Thirty percent of the values from the NPSG (dark gray, Fig. 7 ) are very low, corresponding to either the 0-9 month or 18-30 month experimental values for hydroxyl, with the next 28% corresponding with 30-36 months. For carbonyl, over 50% of the oceanic values correspond with 0-9 or 18-30 month values. For carbon-oxygen, 24% of the values are low, corresponding with 18-30 months. Values from the more nearshore California Current samples (white, Fig. 7 ) are variable, with a low mode for all three bonds, although sample sizes were small. Values for the transition region samples exceed most of the experimental values for hydroxyl and carbon-oxygen. For hydroxyl and carbon-oxygen bonds, there is a significant difference between the California Current and the transition region samples, and the transition region and the NPSG (p b 0.05, Kruskal-Wallis with multiple comparisons test). For carbonyl groups, there is no significant difference among the three oceanic regions (p N 0.05) and the majority of all values for all three regions are within the range of experimental values.
In Supplemental Fig. 1 , some of the highest NPSG values only overlap the high experimental data point and 95% confidence interval for 36 months. Values from the three regions typically overlap both the 0-9 month and 18-36 experimental determinations. There is no significant difference among all three oceanic regions for any of the three bonds. In Supplemental Fig. 2 , we compare the same undifferentiated oceanic PE plastic as Supp. Fig. 1 with experimentally weathered LDPE. The majority of the oceanic values for all three bonds are within the range of the experimental values, although many exceed the range measured in the laboratory. Most of the NPSG samples (dark gray) are low, overlapping with 0-9 months or 18-30 month samples, with the transition region samples being slightly higher. There is no significant difference among all three oceanic regions for any of the three bonds. Fig. 8 compares experimental PP particles exposed to seawater/sunlight and the corresponding control treatment with ocean-collected PP particles. There is little overlap between the experimental values and the oceanic values, suggesting the bonds used here are not useful for quantifying the exposure time of PP plastic. There is more overlap between experimental and oceanic carbonyl group values than the other two bonds. None of the oceanic regions differ significantly from each other (p N 0.05).
Crystallinity
In both PE and PP, there were only slight differences in crystallinity over time, and a large range of values at every time point except the control. Crystallinity, as measured in Zerbi et al. (1989) and Stark and Matuana (2004) , was not found to be a useful metric of aging in the present experiment, and the results are not discussed further here.
Qualitative observations of yellowness, opacity, and brittleness
There was clear visual evidence of an increase in opacity and yellowness in all experimental samples as time increased. When comparing all six types of consumer plastic tested in this experiment, the plastics that yellowed most were polystyrene (PS) and polyvinyl chloride (PVC). For LDPE, HDPE, and PP, by 36 months the sunlight treatment of both PP and LDPE were turning yellow, although the larger change in all three of these plastic types was in opacity and brittleness. A slight change in opacity could be seen in all of these plastics by 9 months, with clear, translucent PP and white-tinged, glossy HDPE turning fully opaque and dull in the sunlight treatment by 30 months.
Qualitatively, increased brittleness was detected as the experiment progressed. Pellets became more brittle with duration of environmental exposure, with PP becoming the most brittle of the three main plastics examined. By 9 months, HDPE and PP pellets (dry/sunlight treatment) would splinter and split into large pieces under the pressure of the FTIR stabilizing arm, while LDPE was still malleable. By 18 months, the dry/sunlight LDPE samples would flatten and break under the pressure. By 30 months, LDPE seawater/darkness samples were still malleable, but the seawater/sunlight samples would flatten under the pressure of the FTIR stabilizing arm and never regain their shape. By 30 months PP and HDPE dry/sunlight samples would often crumble into powder. At 36 months, both PP and LDPE sunlight/seawater samples broke into small pieces as well.
Discussion
FTIR is a useful method to differentiate among the most common types of buoyant plastics that are found at the sea surface. We distinguished polypropylene (PP) from polyethylene (PE) in 100% of the ocean-collected particles analyzed. We could differentiate low density polyethylene (LDPE) from high density polyethylene (HDPE) in 70% of the particles. Some of the 30% that could not be distinguished may have been a manufactured PE blend or LLDPE (linear low density polyethylene), which is a rare plastic that we did not test.
Numerous other studies have utilized FTIR spectroscopy to identify marine debris in sediments (Thompson et al., 2004; Reddy et al., 2006; Frias et al., 2010) as well as to identify ingested plastic (Eriksson and Burton, 2003) , but the present study appears to be one of the first to identify suspended sea surface marine debris particles with FTIR (Rios et al., 2007) . That small fragments whose original purpose and provenance can no longer be identified can nevertheless be sorted to plastic type demonstrates that FTIR is useful for marine debris research. It is more accurate than the buoyancy method often used (Hidalgo-Ruz et al., 2012) . Ioakeimidis et al. (2016) also used FTIR spectroscopy to determine the exposure time of plastic marine debris, though they looked at PET plastic bottles. They also observed plastic change its chemical bond structure with weathering, measuring bonds that had never been documented in PET before. They highlight the need for a laboratory weathering study with which to properly compare their environmental results, which is the aim of this present study.
The bond indices presented here (hydroxyl, carbonyl groups, carbon-oxygen) may be most useful in future work quantifying the exposure time of PE, especially HDPE, from the field, due to the overlap in values in experimental and oceanic PE values. The bonds measured here for experimental weathering changes in PP do not apply well to oceanic PP samples. This may be because the experimental weathering was performed on pure pre-production PP, and the oceanic PP, with colorants and additives, may have reacted differently to environmental exposure.
It would be advisable to carry out weathering experiments for a longer duration than the 36 months considered here, to determine whether the observed nonlinear aging patterns continue their upward trajectory after 36 months or dip again. It would also be advisable because floating particles may circulate in gyres indefinitely (Maximenko et al., 2012) and chemical bonds may therefore change substantially in comparison with what we have observed. The increasing PE bond measures from 30 to 36 months and the oceanic samples that are higher than any experimentally recorded values also suggest that an experiment of longer duration than 36 months could be useful. The timeline of 36 months may have been appropriate for comparison for HDPE, as evidenced by the vast majority of the oceanic and experimental particles overlapping, but for LDPE a longer duration experiment may be useful.
The hydroxyl peak was the most readily identified on the spectrograms, followed by the carbon-oxygen peak. The packet of carbonyl groups was less distinctive. Overall, hydroxyl was the most useful index because of ease of identification on spectrograms and the overlap in magnitude of the experimental and oceanic plastics. Carbonyl groups had the next greatest degree of overlap in naturally and experimentally weathered particles.
Although Carlsson et al. (1985) and Lacoste and Carlsson (1992) state that oxidized plastic polymers are always unstable at room temperature in the dark, and should be stored at −30°C to limit continued slow oxidation, they base this recommendation on Carlsson et al.'s aging experiment with PP exposed to gamma irradiation. In contrast, our experiment, with natural radiance including UV wavelengths, exhibited stable baselines in the controls.
Nonlinearity of results
Almost all the experimental samples returned to near-T 0 levels of bond index values at some time during the experiment, which introduces some ambiguity in attempting to quantify the exposure time of naturally weathering plastics. HDPE showed a decline to near-T 0 levels at 30 months and LDPE from 18 to 30 months. This nonlinearity could be due to many factors, but one possibility is that the observed "reverse weathering" may actually have been due to the brittleness of the plastic, thus exposing newer, less weathered interior plastic over time. This brittleness hypothesis is discussed below in detail. However, we are still left with nonlinear experimental results to compare to oceanic samples, and it is highly unlikely that the open ocean samples are of new plastic close to weathering duration of 0. Most are likely to be older samples that have weathered for 12 months or more in the ocean environment.
It is also difficult to estimate the apparent age of the oceanic plastics because a piece of plastic may have been manufactured decades earlier but been protected from weathering until it entered the ocean, or it could have aged for years in direct sunlight on a beach before entering the California Current. FTIR thus can only give a rough approximation of exposure time, not true age. However, it still is a useful method for comparison between experimental and naturally weathered particles.
Due to the likely continental source regions of most plastic particles and their different residence times in different ocean circulation features, the North Pacific Subtropical Gyre, transition region, and California Current would be expected to contain suspended plastics of different exposure times. Models of gyre circulation indicate that particles spend different amounts of time in the three provinces analyzed here (Kubota, 1994; Maximenko et al., 2012) . Most of the plastic in the ocean is thought to enter from the coasts and be transported into the gyres, although there is likely some lesser amount of direct plastic disposal from ships into the gyres (Kubota, 1994 , Ocean Conservancy, 2010 , particularly in the years before 1989, when the International Marine Organization's MARPOL Annex V prohibited all plastic disposal at sea by all classes of ships. If the primary source of plastics in this region were continental sources along the west coast of North America into the California Current, followed by transport of particles southward and westward into the transition region, and finally into the NPSG, the exposure times of particles would be expected, on average, to follow this progression. Our oceanic LDPE samples agree with this inference, where there is a significant difference between NPSG and California Current and NPSG and transition region samples for hydroxyl and carbonoxygen. That the California Current and NPSG samples do not differ is consistent with the nonlinear experimental results. If the CC samples were exposed for less time (0-13 months), the transition region samples intermediate (around 13 months), and NPSG samples exposed for a longer duration (18-36 months), then the California Current and NPSG bond indices should have similar medians and the transition region should have a higher one. Often with the NPSG plastic samples, some qualitative characteristics of brittleness, opacity, or presence of a biofilm helped reinforce this inference of progressive exposure time from the coast to the open ocean. For HDPE, only the CC and NPSG samples significantly varied for carbonyl, and none of the other bonds varied for the oceanic regions.
We expect, according to ocean circulation models, that the majority of NPSG samples would be at least 5 years old, and not younger than 12 months (Kubota, 1994; Maximenko et al., 2012) . It takes one year for modeled debris to begin converging into the NPSG (Dotson et al., 1977; Kubota et al., 2005; Maximenko et al., 2012) , and the majority of the modeled debris is not only still there, but more concentrated, five to ten years later (Kubota, 1994; Maximenko et al., 2012) . The majority of our NPSG PE values are consistent with the experimental values of 13 months or more, with most being consistent with 30 months or more. Results from PP did not permit age approximation.
It is possible that the PE and PP in the ocean are themselves different "ages". Such differences could arise due to differences in input amounts and locations, slight differences in buoyancy (0.89-0.91 g/cm 3 for PP, 0.94-0.965 g/cm 3 for HDPE) (Freund Container & Supply, 2010) and the way in which they weather in the ocean. The SEAPLEX samples from the California Current were comprised of 49% PP particles, but that decreased to only 12% in the NPSG; in the NPSG 86% of the particles tested were PE. This contrast shows that there can be regional differences in distributions of plastic types in the ocean. However, it is also possible that PP samples weather and degrade to pieces smaller than 333 μm, and are thus present in the NPSG but were missed by nets used in this study. These oceanic distribution numbers also treat PE as one plastic. LDPE and HDPE are used for different consumer products and have vastly differently recycling rates (74% for HDPE versus 2% for LDPE in California in 2015) (CalRecycle, 2016) and our experimental results indicate they weather differently under different conditions. It is essential to be able to spectrally distinguish LDPE from HDPE, as we were able to do in 70% of our oceanic samples, in order to better distinguish inputs of marine debris, how debris is traveling in the ocean, and how each of the most common plastics, PP, LDPE, and HDPE, are degrading in the water column.
Yellowness, opacity, and brittleness
The nonlinearity of bond measures could be due to many factors, but one possibility is that it demonstrates the complexity in measuring the exposure time of brittle, weathered plastic: the more brittle plastic gets, the more likely it is that it will break and expose the newer, less weathered plastic at its interior.
As discussed, the pellets became very brittle around 9 months, and often split open (PP and HDPE dry/sunlight samples by 9 months, all three plastics dry/sunlight samples by 18 months). Thus what may appear like plastic "reverse weathering" as a bond index decreases may have actually been a result of sampling less exposed plastic in the interior of the particles. Because plastic weathers from the outside, a split pellet would reveal less environmentally exposed plastic on the particle interior. Similarly, pellets that crumbled into powder (ex. HDPE and PP dry/sunlight by 30 months) would have less exposed plastic on the inside that was measured when the powder was sampled. This could explain the decrease from 18 to 30 months in PP and HDPE and low value at 30 months for LDPE. The subsequent increase by 36 months could occur as the plastic weathered so thoroughly that the effect of a split pellet or powdered pellet did not affect analytical results. This brittleness hypothesis may also explain why so many oceanic samples are higher than experimental samples. If those samples were taken from larger pieces of plastic, they would have less tendency to crumble, and thus may be giving a more accurate measure of changes in bond structures. In contrast, the small nurdles used in this experiment may have been small enough that their cores always became brittle before reaching high index values. Jabarin and Lofgren (1994) naturally weathered sheets of HDPE in sunlight. They observed increased embrittlement, decreased elongation to break (the amount the sheets could be stretched before breakage or crack formation), increased crystallinity, and decreased molecular weight due to environmental degradation. Although elongation to break can only be measured on long pieces like the plastic sheets they measured, and we did not measure molecular weight, we also saw increased brittleness and loss of ductility, and our results of the effects of natural sunlight on PE agree with their findings. Although our crystallinity results were inconclusive, we observed an increase in brittleness, and brittleness has been associated with an increase in crystallinity (Jabarin and Lofgren, 1994) . Stark and Matuana (2004) exposed plastic samples to xenon light and water for 12 min of every 120. They detected near-immediate surface oxidation of their samples and increased oxidation with time. There was an increase in the ratio of oxidized to unoxidized carbons with continued weathering, and an increase in the elemental ratio of oxygen to carbon. Stark and Matuana (2004) noted that the increase in oxidized: unoxidized carbon appears to be mainly from an increase in hydroxyls, which would explain our short-term increase in hydroxyls as well since hydroxyls form in response to surface oxidation of the plastics. This surface oxidation would also explain the formation of C\ \O bonds (cf. Stark and Matuana, 2004) . Stark and Matuana (2004) stated that oxidative degradation is the main limiting factor on the "active life of synthetic polymers" and that those oxidative degradation reactions are accelerated by UV radiation, which agrees with our carbon-oxygen bonds showing higher values for the two natural sunlight treatments for almost all time points and all three plastics.
Polypropylene has been observed to become brittle on beaches before ever entering the ocean, and its weathering is known to slow once in seawater (Andrady, 2011) . The more pronounced temporal changes that we detected in PP relative to the other two plastic types can perhaps be attributed to such a reduction in brittleness in an aqueous medium.
Conclusions
We found FTIR to be a useful method to differentiate among the most common buoyant marine microplastic particle types (especially PP, LDPE, and HDPE) that are found suspended in the upper ocean.
The experimental weathering was more complex than predicted; the chemical bonds did not change linearly with time, and there was variability in weathering between the combinations of plastic, weathering experiment, and bond type measured. Due to the nonlinear changes in bond indices with experimental weathering, the indices presented here are of potential use for quantifying the exposure time of plastics only over a relatively limited time period, generally for differentiating younger (0-18 months) from older (N 18-30 months) particles. These experimental results are based on pure pre-production plastic pellets, and their applicability to more complex manufactured plastic types requires verification. Changes in hydroxyl and carbon-oxygen bonds are most readily diagnosed by FTIR, followed by carbonyl bonds.
Application of the chronology of changes in experimentally weathered particles to microplastic collected in the open ocean suggests that the PE particles we sampled in the California Current and transition region may have generally weathered for under 18 months, in contrast to the particles from the North Pacific Subtropical Gyre that generally had inferred exposure times longer than 18 months. The indices tested here proved more applicable for comparing oceanic and experimental values of PE than PP, and were the most useful for HDPE. These findings are consistent with oceanic circulation models suggesting a long residence time of suspended micro-plastics in the open ocean.
